1. Introduction {#sec1-antioxidants-09-00600}
===============

Oxidative stress---damage to proteins, lipids and DNA as a result of toxic reactive oxygen species (ROS)---is a common feature of many neurodegenerative diseases including Parkinson's disease (PD), where it has been linked to both genetic and sporadic forms of the condition \[[@B1-antioxidants-09-00600],[@B2-antioxidants-09-00600],[@B3-antioxidants-09-00600]\]. Numerous neurotoxins used to model PD, such as 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP) and rotenone, inhibit mitochondrial respiration, resulting in an accumulation of ROS, inducing a form of parkinsonism in both animals and humans \[[@B4-antioxidants-09-00600],[@B5-antioxidants-09-00600],[@B6-antioxidants-09-00600],[@B7-antioxidants-09-00600],[@B8-antioxidants-09-00600],[@B9-antioxidants-09-00600],[@B10-antioxidants-09-00600]\].

Although ROS are a natural bi-product of oxidative phosphorylation, in PD, ROS production is heightened due to the impairment of antioxidant defence mechanisms (e.g., superoxide dismutase, glutathione peroxidase and catalase) via a reduction in Nrf2-Keap1 signalling responsible for regulating the expression of many endogenous antioxidants \[[@B11-antioxidants-09-00600],[@B12-antioxidants-09-00600],[@B13-antioxidants-09-00600],[@B14-antioxidants-09-00600],[@B15-antioxidants-09-00600],[@B16-antioxidants-09-00600],[@B17-antioxidants-09-00600]\]. For example, it has been reported that glutathione levels in the substantia nigra of people with PD are reduced by up to 40% compared to healthy controls \[[@B18-antioxidants-09-00600]\]. This, coupled with excessive levels of free iron present in PD, induces sustained formation of toxic hydroxyl radicals and the resultant oxidative stress drives neuronal dysfunction and ultimately degeneration of dopaminergic neurons within the substantia nigra \[[@B11-antioxidants-09-00600],[@B12-antioxidants-09-00600],[@B16-antioxidants-09-00600],[@B19-antioxidants-09-00600],[@B20-antioxidants-09-00600],[@B21-antioxidants-09-00600]\].

N-acetylcysteine (NAC) is an antioxidant that is approved by the U.S. Food and Drug Administration (FDA) to treat paracetamol overdose and is also marketed as an antioxidant dietary supplement in the US \[[@B22-antioxidants-09-00600]\]. As a precursor of endogenous glutathione, NAC has long been considered to have potential as a disease-modifying therapeutic for PD. Preclinical studies of NAC in PD models have shown that it is protective against dopaminergic cell death induced by rotenone \[[@B23-antioxidants-09-00600]\] and MPTP \[[@B24-antioxidants-09-00600],[@B25-antioxidants-09-00600],[@B26-antioxidants-09-00600],[@B27-antioxidants-09-00600]\]. Clark et al. \[[@B28-antioxidants-09-00600]\] demonstrated that NAC can also protect against toxic alpha synuclein aggregates in transgenic mice, increasing glutathione levels within 5--7 weeks of treatment. There have also been numerous clinical assessments of NAC for neurological conditions, including PD \[[@B13-antioxidants-09-00600],[@B29-antioxidants-09-00600],[@B30-antioxidants-09-00600],[@B31-antioxidants-09-00600],[@B32-antioxidants-09-00600]\]. Although it has been shown that NAC can reach the cerebral spinal fluid following oral administration \[[@B31-antioxidants-09-00600],[@B33-antioxidants-09-00600]\], high doses are required, since oral NAC is only 5% bioavailable at therapeutic doses and is largely undetectable following ingestion \[[@B13-antioxidants-09-00600],[@B34-antioxidants-09-00600]\]. However, administering high doses of NAC may be undesirable due to the increased likelihood of side effects such as headaches, diarrhoea and vomiting \[[@B35-antioxidants-09-00600],[@B36-antioxidants-09-00600],[@B37-antioxidants-09-00600]\]. Overproduction of glutathione associated with high concentrations of NAC has also been reported to be cytotoxic in dopaminergic neurons \[[@B38-antioxidants-09-00600]\]. Consequently, it would be of benefit to utilise a delivery system to improve the bioavailability of NAC and enhance access to the brain, thus mitigating the need for administering treatments with high concentrations.

Nanocarriers can enhance the potency, stability, bioavailability and passage across biological membranes of entrapped or associated compounds \[[@B39-antioxidants-09-00600],[@B40-antioxidants-09-00600],[@B41-antioxidants-09-00600],[@B42-antioxidants-09-00600]\]. Different nanoformulations have been investigated to overcome the low bioavailability and short half-life of NAC but these have mainly been focused upon pulmonary delivery to treat conditions such as acute lung injury and lung cancer \[[@B43-antioxidants-09-00600],[@B44-antioxidants-09-00600],[@B45-antioxidants-09-00600]\]. To our knowledge, no NAC formulations have been investigated in models of neurodegenerative diseases such as PD or developed specifically to target mitochondria which are the principle site for ROS generation and responsible for 90% of total cellular ROS production \[[@B12-antioxidants-09-00600],[@B19-antioxidants-09-00600],[@B21-antioxidants-09-00600]\]. We previously developed a successful nanocarrier delivery system composed of FDA-approved components, the block co-polymer Pluroninc F68 (P68) and the mitochondrial targeting molecule dequalinium (DQA). Our delivery system exhibited many of the advantageous characteristics of polymeric micelles that make them suitable for brain penetrance, for example small particle size (\<200 nm) and relatively neutral charge (\<10 mV) \[[@B42-antioxidants-09-00600]\]. Our previous results suggest that combined delivery of antioxidants and iron chelators may provide the most promising strategy to limit the degenerative process in PD due to the dual approach of free radical scavenging and iron chelation to limit detrimental free iron availability \[[@B42-antioxidants-09-00600]\]. The aim of this study was therefore to utilise the P68 + DQA nanocarriers for NAC alone and in combination with the iron chelator deferoxamine (DFO), and assess their physical characteristics and ability to protect against oxidative stress in a cellular rotenone model of PD.

2. Materials and Methods {#sec2-antioxidants-09-00600}
========================

2.1. Materials {#sec2dot1-antioxidants-09-00600}
--------------

Unless otherwise stated, all chemicals were of analytical grade and cell culture grade where applicable. SH-SY5Y cells were purchased from the American Type Culture Collection (ATCC CRL-2266, USA). Methanol (HPLC grade), L-glutamine, foetal bovine serum (FBS), Dulbecco's Modified Eagle Medium (DMEM) Glutamax®, minimum essential media (MEM), 100 × antibiotic-antimycotic, poloxomer 68 (pluronic F68) and the Pierce BCA protein assay kit were purchased from Fisher Scientific, UK. Dequalinium chloride hydrate (DQA; 95%), Dulbecco's phosphate-buffered saline (DPBS), *N*-Acetyl-L-cysteine (99%), deferoxamine mesylate salt (92.5%), rotenone (≥95%), protease inhibitor cocktail (PIC, cat no. P8340), thiazolyl blue tetrazolium blue (MTT), dimethyl sulfoxide (DMSO), 2′,7′-dichlorofluorescin diacetate (DCFH-DA), 2,2′-azobis(2-methylpropionamidine) dihydrochloride (ABAP) and 2, 4, 6-tripyridyl-s-triazine and iron(III) chloride hexahydrate were purchased from Sigma-Aldrich, UK. The ferrous sulphate (20% iron), ferrozine, ammonium acetate, ascorbic acid, potassium permanganate and hydrochloric acid used for the ferrozine assay were also purchased from Sigma-Aldrich, UK. The mitochondrial hydroxyl radical detection assay kit (cat no. ab219931) was purchased from Abcam, UK. The ferritin ELISA kit (product code S-22) was from ATI Atlas (Chichester, UK). The TBARS parameter assay kit (product code KGE013) was purchased from R&D Systems, Parameter TM, UK. Experimental reagents were prepared using Milli-Q water (water purified through a 0.22 μm membrane filter with a resistivity of 18.2 MΩ). Sterile filters were from Millex-MP, Millipore, Ireland. Flasks were from Nunc (Denmark) and all culture plates, pipettes, stripettes and eppendorf tubes were from Corning, UK.

2.2. Preparation of Micellar Nanocarriers {#sec2dot2-antioxidants-09-00600}
-----------------------------------------

All nanoformulations were prepared using a modified thin-film hydration method \[[@B40-antioxidants-09-00600],[@B46-antioxidants-09-00600]\]. Briefly, P68 and DQA were dissolved in 10 mL of methanol along with NAC alone or in combination with DFO at certain ratios ([Table 1](#antioxidants-09-00600-t001){ref-type="table"}) and sonicated for up to 1 min using a VWR ultrasonic cleaner bath USC300T (VWR International Limited, UK). Using a rotary evaporator (Hei-VAP Advantage Rotary Evaporator, Heidolph, Germany) the methanol was then evaporated at 200 rpm and 80 °C, under vacuum until a thin film was obtained. The resultant thin film was hydrated with 10 mL of warmed distilled water and mixed thoroughly at 80 °C for 1--2 min and then sonicated for a further 1 min until the film was fully removed and dispersed in the water. In order to remove any unassociated NAC and DFO, the solution was filtered through a sterile 0.22 μm filter. A proportion of the samples were lyophilized using a Virtis AdVantage 2.0 BenchTop freezedryer (SP Industries, UK) for further analysis. P68 + DQA DFO nanoformulations previously characterised by Mursaleen et al. \[[@B42-antioxidants-09-00600]\] were prepared as described above and used as a control treatment in the cellular assays.

2.3. Size and Surface Charge of the Nanocarriers {#sec2dot3-antioxidants-09-00600}
------------------------------------------------

The particle size and surface charge of nanocarriers were measured in triplicate using the Zetasizer Nano ZS (Malvern Instruments, UK). Size distribution was measured via photon correlation spectroscopy as Z-Ave hydrodynamic diameter and polydispersity index (PDI). Each formulation was prepared at least six times and measurements were taken in triplicate for each sample.

2.4. Determination of Drug Association and Association Efficiency {#sec2dot4-antioxidants-09-00600}
-----------------------------------------------------------------

UV--visible (UV--vis) spectroscopy was employed to study drug association and association efficiency of the nanoformulations based on the calibration curves of the free drugs, as previously described by Mursaleen et al. \[[@B42-antioxidants-09-00600]\]. Briefly, methanol and water (1:1) were used to dissolve the carrier to release the drug and achieve a theoretical concentration of each drug (1 mg/mL NAC and 20 μg/mL DFO). NAC and DFO content were calculated using UV--vis spectroscopy at 204 and 234 nm, respectively. The percentage of drug association and association efficiency were calculated using the following equations:

2.5. Thermal Properties of the Nanocarriers {#sec2dot5-antioxidants-09-00600}
-------------------------------------------

X-ray diffraction (XRD) patterns were obtained using an X-ray diffractometer for pure NAC, DFO, DQA, P68, lyophilized P68 + DQA formulations of NAC and NAC + DFO to determine the atomic and molecular structure (Rigaku MiniFlex600, Miniflex, Japan). All samples were analysed at room temperature in the angle range 5−35°, with a step size of 0.01° and a scanning rate of 2°/min.

2.6. Antioxidant Capacity of the Nanoformulations {#sec2dot6-antioxidants-09-00600}
-------------------------------------------------

The potential antioxidant capacity of drug-associated nanoparticles was determined using the modified ferric ion-reducing antioxidant power (FRAP) assay and compared to the FRAP results of the corresponding free drug, as previously described \[[@B40-antioxidants-09-00600]\]. To prepare the FRAP reagent, acetate buffer (pH 3.6), tripyridyl triazine, and iron (III) chloride were mixed together. The concentrations of drug associated with the nanoparticles was spectrophotometrically measured using a microtiter plate reader (VersaMax, Molecular Devices, USA) as described above. In order to analyse the antioxidant activity, samples of the formulations and drug stock solutions were added to the FRAP reagent and incubated at 25 °C for 30 min. The absorbance of samples was read at 593 nm. The blank comparator was FRAP reagent without the addition of any treatment. The absorbance values were normalised as Trolox equivalent antioxidant capacity, as Trolox is a recommended baseline antioxidant reference point for multiple antioxidant assays \[[@B47-antioxidants-09-00600],[@B48-antioxidants-09-00600]\].

2.7. SH-SY5Y Cell Culture {#sec2dot7-antioxidants-09-00600}
-------------------------

The human neuroblastoma SH-SY5Y cell line was used to create an in vitro model of PD (as previously described by Mursaleen et al. \[[@B42-antioxidants-09-00600]\] and reviewed in Xicoy et al. \[[@B49-antioxidants-09-00600]\]). SH-SY5Y cells were grown in DMEM Glutamax®, pH 7.4, supplemented with 10% FBS and 1% antibiotic/antimycotic in a 5% CO~2~ environment at 37 °C. SH-SY5Y cells were thawed and grown in plastic T75 flasks until they reached 70% confluence. Adherent cells were then detached from the surface of the flasks via trypsinisation and seeded at 1,000,000 cells/cm^2^ into well plates at specific numbers according to the bioassay being performed (6-well or 96-well plates).

Based on methods previously described \[[@B42-antioxidants-09-00600],[@B50-antioxidants-09-00600],[@B51-antioxidants-09-00600]\], cells were pre-treated for 3 h with various concentrations of the free, P68 + DQA treatments or corresponding blank formulations before being treated with 100 μM rotenone (in MEM) for 24 h at 37 °C. Rotenone-only and MEM-only treatments, without any pre-treatments, were used as controls.

Where necessary, cells were grown in 6-well plates until confluent and lysed at 4 °C, as previously described by Zariwala et al. \[[@B52-antioxidants-09-00600]\], using 350 µL ice-cold lysis buffer (50 mM NaOH supplemented with 1 ug/mL protease inhibitor cocktail) whilst rocking gently for 40 min in ice trays on a see-saw rocker at 8 rpm (model SSL3/1, Stuart, UK). Cell lysates were collected using sterile cell scrapers, passed through a 25G needle and aliquoted into microcentrifuge tubes ready for further analysis. For each experiment requiring the use of cell lysate, the total protein content was determined using the Pierce BCA kit following the manufacturer's protocol (as previously described by Kim et al. \[[@B50-antioxidants-09-00600]\]), using the bovine serum albumin (BSA) stock (2 mg/mL) provided in the kit as the standard.

2.8. Cell Viability Analysis {#sec2dot8-antioxidants-09-00600}
----------------------------

The protective properties of drug-associated nanocarriers against rotenone-induced reduction in cell viability was assessed using the MTT Assay, as previously described \[[@B42-antioxidants-09-00600]\]. Briefly, following the 24 h rotenone treatment in 96-well plates, SH-SY5Y cells were incubated with an additional 20 μL of 5 mg/mL MTT DPBS solution for 4 h at 37 °C. Following aspiration, 100 μL of DMSO was added to each well to dissolve the formazan crystals. To ensure that DMSO was mixed well, plates were placed on a MaxQ 4000 benchtop orbital shaker (Thermo Fisher Scientific, UK) at 75 rpm for 15 min and the absorbance was read at 570 nm using a spectrophotometer.

2.9. Iron Content Analysis {#sec2dot9-antioxidants-09-00600}
--------------------------

Cell harvesting and iron absorption and content experiments were carried out using the method previously described by Zariwala et al. \[[@B52-antioxidants-09-00600]\]. SH-SY5Y cells were grown in 6-well plates and pre-treated with free drug or drug-associated nanoformulations before treatment with rotenone and then lysed as described above.

Total iron was quantified using a modified version of the ferrozine colorimetric assay used in Zariwala et al. \[[@B52-antioxidants-09-00600]\]. Briefly, 200 μL of 0.1 M HCL was added to 200 μL of sample lysate. The iron standards were prepared using analytical grade FeSO~4~. Samples were then incubated in the dark with 200 μL of iron-releasing agent (1.4 M HCL and 4.5% KMnO~4~ in water) for 2 h at 60 °C under a fume hood. Samples were then cooled to room temperature before being incubated for 30 min with 60 μL of iron detection reagent (6.5 mM ferrozine, 2.5 M ammonium acetate, 1 M ascorbic acid). Equal volumes (200 μL) of the test and standard samples were aliquoted into a 96-well microplate in duplicate and absorbance was read at 550 nm using a microplate reader (VersaMax, Molecular devices, USA).

Cell lysate samples were also assessed for the ferritin concentration using a spectrophotometric ELISA kit. In total, 30 μL of each sample and standard were added into a 96-well plate in duplicate. Incubation steps were carried out as described in the manufacturer's protocol. Briefly, samples and standards were incubated in 200 μL of the conjugate for 2 h at 195 rpm, 37 °C using a MaxQ 4000 benchtop orbital shaker (Thermo Fisher Scientific, UK). The samples and standards were then washed three times with Milli-Q water before they were incubated with 200 μl of the substrate solution for 30 min at room temperature. Following incubation, 100 μL of potassium ferricyanide solution was added to each sample and standard, and the absorbance was read at 495 and 630 nm using a microplate reader (VersaMax, Molecular devices, USA). All samples were assayed in duplicate. The ferritin and ferrozine concentrations were standardised against the total protein concentration.

2.10. Cellular Antioxidant Activity {#sec2dot10-antioxidants-09-00600}
-----------------------------------

The cellular antioxidant activity was measured based on the slightly modified method of the original assay developed by Wolfe et al. \[[@B53-antioxidants-09-00600]\], as previously described \[[@B42-antioxidants-09-00600],[@B54-antioxidants-09-00600],[@B55-antioxidants-09-00600]\]. SH-SY5Y cells were seeded in black-walled, clear-bottom 96-well microplates. Once confluent, cells were washed with DPBS and treated with different concentrations of 200 μL of drug-associated nanocarriers or drug solution for 1 h at 37 °C. Cells were then washed with MEM and treated with 200 μL of the fluorescent probe DCFH-DA (100 μM) and incubated for a further 30 min at 37 °C. Following aspiration, each well was treated 100 μL of prooxidant (600 μM ABAP or 100 μM rotenone) dissolved in MEM. The assay was modified to also test rotenone as the prooxidant in order more closely mimic the oxidative stress present in PD. The fluorescence of the cells in the 96-well plate was read every 5 min for 1 h at 528 and 485 nm emission and excitation (respectively) on the Fluostar Optima Fluorescence Plate Reader. The CAA unit was calculated using the following equation: where RFU0 is the relative fluorescence value of point zero and RFUx is the relative fluorescence of each time point (e.g., RFU5 is relative fluorescence value at minute 5).

2.11. Lipid Peroxidation Analysis {#sec2dot11-antioxidants-09-00600}
---------------------------------

The thiobarbituric acid-reactive substances (TBARS) assay was used to assess oxidative stress, specifically lipid peroxidation, by reacting the secondary end product of the oxidation of polyunsaturated fatty acids (malondialdehyde) with thiobarbituric acid (TBA) in a colorimetric reaction to form TBARS \[[@B56-antioxidants-09-00600],[@B57-antioxidants-09-00600]\]. Briefly, SH-SY5Y cells were grown in 6-well plates until confluent. Following pre-treatment with the relevant free or nanoformulated conditions and 24 h rotenone treatment, cells were washed once with DPBS and lysed at 4 °C as described above. The TBARS assay was carried out in accordance with manufacturer guidelines (R&D Systems, Parameter TM) and as previously described \[[@B42-antioxidants-09-00600]\]. Freshly prepared TBA was added to TBARS acid-treated cell lysate which was incubated at 60 °C for 2.5 h. The absorbance of samples was read at 532 nm before and after incubation to estimate the formation of TBARS.

2.12. Mitochondrial Hydroxyl Analysis {#sec2dot12-antioxidants-09-00600}
-------------------------------------

The mitochondrial hydroxyl radical detection assay is a fluorometric assay which detects intracellular hydroxyl radical using an OH580 probe that selectively reacts with hydroxyl radical present in live cells. Such a reaction generates a red fluorescence signal that can be read at 540/590 nm excitation/emission. The assay was carried out according to the manufacturer's protocol (ab219931; Abcam, UK). Briefly, SH-SY5Y cells were seeded in black-walled, clear-bottom 96-well microplates until confluent. Cells were then washed with DPBS and treated with different concentrations of drug-associated nanocarriers or free drug at a volume of 200 μL for 3 h at 37 °C. Following this, cells were washed with DPBS and treated with 100 µL of 6.25X OH580 probe for 1 h at 37 °C. A volume of 100 µL of 200 µM rotenone (final concentration 100 µM) was then added to each well and cells were incubated for 24 h at 37 °C. Cells were then washed with DPBS and the fluorescence was read on the Fluostar Optima Fluorescence Plate Reader.

2.13. Statistical Analysis {#sec2dot13-antioxidants-09-00600}
--------------------------

For all experiments, the mean of six replicates was calculated for each treatment, with the data expressed as the mean ± standard deviation (S.D.). The MTT, ferrozine, TBARS, mitochondrial hydroxyl assays and ferritin ELISA results were statistically analysed using one-way analysis of variance (ANOVA) followed by Dunnett's T3 post hoc test. A two-way ANOVA followed by Tukey's multiple comparisons post hoc test was used to analyse the FRAP and CAA assays (PRISM software package, Version 8, Graphpad Software Inc., San Diego, USA).

3. Results {#sec3-antioxidants-09-00600}
==========

All drug-associated nanoformulations exhibited high mean association efficiency (93--98%) ([Table 1](#antioxidants-09-00600-t001){ref-type="table"}). The drug-associated nanocarriers exhibited a significantly higher mean particle size compared to the blank formulations without actives (*p* \< 0.0001) ([Table 1](#antioxidants-09-00600-t001){ref-type="table"}). The addition of DFO into the formulation appeared to increase the mean association efficiency of NAC by 5%. The mean size of both the NAC (126 nm) and NAC + DFO (130 nm)-associated P68 + DQA nanocarriers was less than 200 nm ([Table 1](#antioxidants-09-00600-t001){ref-type="table"}). The addition of DFO to the NAC P68 + DQA formulations did not significantly alter particle size ([Table 1](#antioxidants-09-00600-t001){ref-type="table"}). The mean surface charge of NAC and NAC + DFO associated nanocarriers was moderately positive (+3.67 mV and +6.63 mV, respectively) but each drug-associated formulation had a higher surface charge compared to the blank formulations, which exhibited a slightly negative charge (−0.78 mV) ([Table 1](#antioxidants-09-00600-t001){ref-type="table"}).

[Figure 1](#antioxidants-09-00600-f001){ref-type="fig"} presents the XRD patterns of free NAC, the combination of NAC + DFO, the lyophilized nanoformulations, the physical mixture of the components of each formulation as well as the individual formulation components (P68 and DQA). The spectrum of NAC shows the main peaks at 14.84, 21.8, 26.94, 29.16, 30.94, 32.94, 39.06, 44.12, 59.82°, indicating a high level of crystallinity ([Figure 1](#antioxidants-09-00600-f001){ref-type="fig"}iA,iiA). DFO also has a crystalline nature, with main peaks at 11.44, 14.16, 17.60, 18.20, 20.76, 20.94, 22.56, 25.20, 27.58, 33.22 and 44.38° ([Figure 1](#antioxidants-09-00600-f001){ref-type="fig"}iiB). The P68 spectrum exhibits fewer peaks than NAC and DFO, the principal peaks being at 18.94, 23.08, 26.80 and 44.24°, showing some crystalline features ([Figure 1](#antioxidants-09-00600-f001){ref-type="fig"}iB,iiC). The DQA spectrum also has fewer peaks than NAC and DFO, with the main peaks at 9.42, 22.64, 23.98, 25.72 and 44.5° ([Figure 1](#antioxidants-09-00600-f001){ref-type="fig"}iC,iiD). The spectra of lyophilized P68 + DQA drug-associated formulations revealed far fewer peaks than its constituent components, with generally only three main peaks for each formulation, at approximately 8.9, 34.7, 38.3 and 44.6°, indicating a more amorphous state ([Figure 1](#antioxidants-09-00600-f001){ref-type="fig"}iE,iiF). This reduction in peaks was not observed for the physical mixtures of the formulation components ([Figure 1](#antioxidants-09-00600-f001){ref-type="fig"}iD,iiE).

The antioxidant capacity of the NAC (500--10,000 μM)-associated P68 + DQA nanocarriers was assessed using the FRAP assay, and compared to the corresponding free drug at each concentration ([Figure 2](#antioxidants-09-00600-f002){ref-type="fig"}). Significant differences in mean Trolox equivalent antioxidant capacity were observed between the different concentrations of treatments (F(6, 70) = 4088, *p* \< 0.0001,) and between the different free or formulated treatment preparations (F(1, 70) = 219.3, *p* \< 0.0001) ([Figure 2](#antioxidants-09-00600-f002){ref-type="fig"}). All concentrations of the P68 + DQA NAC nanocarriers had at least the same antioxidant capacity as the corresponding free-drug concentrations of NAC ([Figure 2](#antioxidants-09-00600-f002){ref-type="fig"}). The 500 μM (*p* = 0.0222), 4000 μM (*p* = 0.0055), 6000 μM (*p* \< 0.0001), 8000 μM (*p* \< 0.0001) and 10,000 μM (*p* = 0.0257) concentrations of P68 + DQA NAC exhibited higher antioxidant capacity than free NAC at these concentrations, between 3.19 and 64.15% ([Figure 2](#antioxidants-09-00600-f002){ref-type="fig"}).

The same concentration range (500--10,000 μM) of free and P68 + DQA NAC was then tested on the SH-SY5Y cell line to evaluate the cytotoxicity of each concentration, using the MTT assay. No cytotoxicity (cell viability below 80%) was observed for any concentration of free or nanoformulated NAC following 24 h treatment ([Supplementary Figure S1](#app1-antioxidants-09-00600){ref-type="app"}). However, by 72 h, significant reductions in cell viability were observed for all concentrations apart from 500 and 1000 μM free and P68 + DQA NAC treatments (*p* \< 0.0001) ([Supplementary Figure S1](#app1-antioxidants-09-00600){ref-type="app"}). The 500 and 1000 μM concentrations of NAC were used for all further assessments and were combined with 50 and 100 μM DFO (respectively) based on the cytotoxicity profile we previously reported for free and P68 + DQA DFO \[[@B42-antioxidants-09-00600]\].

When comparing the effects of free and P68 + DQA NAC and/or DFO on cell viability following 24 h rotenone treatment, significant differences in mean cell viability were observed between the different treatments (F(16, 51.51) = 18.6, *p* \< 0.0001) ([Figure 3](#antioxidants-09-00600-f003){ref-type="fig"}). The 3 h pre-treatment with P68 + DQA nanocarriers of 500 μM and 1000 μM NAC (*p* = 0.0003 and *p* = 0.0001, respectively), combined 500 μM NAC and 50 μM DFO (*p* = 0.0038) and combined 1000 μM NAC and 100 μM DFO (*p* = 0.0025) significantly protected against the reduction in cell viability induced by 24 h treatment with 100 μM rotenone ([Figure 3](#antioxidants-09-00600-f003){ref-type="fig"}). Most of the free-drug conditions containing NAC also protected against rotenone induce cytotoxicity (500 μM NAC-*p* = 0.0091, 1000 μM NAC-*p* = 0.028, 500 μM NAC + 50 μM DFO-*p* = 0.0037) but in each case the nanoformulations had a higher mean percentage viability and nanocarriers of 500 and 1000 µM NAC were significantly more protective than the corresponding concentrations of free NAC (35.42% *p* = 0.038 and 48.87% *p* = 0.0122, respectively) ([Figure 3](#antioxidants-09-00600-f003){ref-type="fig"}). No significant effect was observed with free or P68 + DQA 100 μM DFO pre-treatments. None of the blank formulations were able to protect against rotenone-induced cytotoxicity ([Figure 3](#antioxidants-09-00600-f003){ref-type="fig"}).

When evaluating iron status using the ferritin ELISA and ferrozine assay, significant differences in mean non-ferritin-bound iron were observed between the different pre-treatment conditions following 24 h rotenone treatment (F(11, 7.058) = 85.05, *p* \< 0.0001) ([Figure 4](#antioxidants-09-00600-f004){ref-type="fig"}). All P68 + DQA 3 h pre-treatments of NAC and/or DFO were able to protect against 100 μM rotenone-induced increased iron levels (500 μM NAC (*p* = 0.0036), 1000 μM NAC (*p* = 0.0033), 500 μM NAC + 50 μM DFO (*p* = 0.0038), 1000 μM NAC + 100 μM DFO (*p* = 0.0034), 100 μM DFO (*p* = 0.003)) ([Figure 4](#antioxidants-09-00600-f004){ref-type="fig"}). All concentrations of free NAC and/or DFO also significantly protected against increased iron levels as a result of rotenone treatment (500 μM NAC (*p* = 0.0033), 1000 μM NAC (*p* = 0.0046), 500 μM NAC + 50 μM DFO (*p* = 0.0042), 1000 μM NAC + 100 μM DFO (*p* = 0.0043), 100 μM DFO (*p* = 0.0043)) ([Figure 4](#antioxidants-09-00600-f004){ref-type="fig"}). A significantly lower level of non-ferritin-bound iron was observed with the P68 + DQA formulations at 1000 μM NAC + 100 μM DFO (40.93%, *p* = 0.0307) and 100 μM DFO (41.60%, *p* = 0.0007) compared to the corresponding free-drug conditions ([Figure 4](#antioxidants-09-00600-f004){ref-type="fig"}).

The CAA assay results showed significant differences in cellular antioxidant activity between the different treatment preparation types against 100 μM rotenone (F(2, 75) = 65.07, *p* \< 0.0001) and 600 μM ABAP (F(2, 60) = 109.5, *p* \< 0.0001) as well as with the different concentrations of NAC and NAC + DFO in the majority of cases (rotenone: F(4, 75) = 60.19, *p* \< 0.0001; ABAP: F(4, 75) = 8.121, *p* = 0.0559) ([Figure 5](#antioxidants-09-00600-f005){ref-type="fig"}). All concentrations of the P68 + DQA preparation of NAC and/or DFO had at least as high cellular antioxidant activity against 100 μM rotenone than the free-drug preparations and, in all cases, the P68 + DQA preparations containing NAC exhibited significantly higher antioxidant activity (83-218%) than the free drug + DQA preparation (500 μM-*p* \< 0.0001 and 1000 μM-*p* \< 0.0001, 500 μM NAC + 50 μM DFO-*p* = 0.0003 and 1000 μM NAC + 100 μM DFO-*p* \< 0.0001) ([Figure 5](#antioxidants-09-00600-f005){ref-type="fig"}a). The highest antioxidant activity against rotenone was reached at 1000 μM NAC for both the free and P68 + DQA preparations ([Figure 5](#antioxidants-09-00600-f005){ref-type="fig"}a). All NAC and NAC + DFO free and P68 + DQA treatments resulted in significantly higher cellular antioxidant activity than the corresponding DFO treatments alone (*p* \< 0.0001). These results are similar to those seen when using the traditional CAA method, where ABAP was used as the prooxidant, with all P68 + DQA NAC and NAC + DFO treatments also resulting in higher CAA units than P68 + DQA DFO treatment alone (*p* \< 0.0001). However, this trend was not observed with the free-drug conditions against ABAP and the P68 + DQA preparations of NAC and NAC + DFO have consistently higher CAA units than free preparations when using ABAP as the prooxidant ([Figure 5](#antioxidants-09-00600-f005){ref-type="fig"}b). The cellular antioxidant activity of both free and P68 + DQA NAC and NAC + DFO was generally highest when using rotenone as the prooxidant, exhibiting mean CAA units between 42 and 99, compared to 27 and 56 when using ABAP ([Figure 5](#antioxidants-09-00600-f005){ref-type="fig"}).

The TBARS assay results showed significant differences in lipid peroxidation between the different pre-treatments (F(11, 22.43) = 128.9, *p* \< 0.0001) ([Figure 6](#antioxidants-09-00600-f006){ref-type="fig"}). Significant protection against rotenone-induced lipid peroxidation was observed with 3 h pre-treatment of both free and P68 + DQA preparations of NAC and/or DFO at all concentrations (*p* ≤ 0.0002). However, the NAC and NAC + DFO pre-treatments generally resulted in greater protection against lipid peroxidation than the 100 μM DFO pre-treatments (*p* \< 0.0001 for all free-drug conditions except 1000 μM NAC, where *p* = 0.0023). The NAC and NAC + DFO pre-treatments also resulted in lower lipid peroxidation than at control, in each case resulting in between 59--68% (free-drug preparations) and 69--77% (P68 + DQA nanoformulations) lower TBARS concentrations than at control (*p* \< 0.0001 in all cases except 1000 μM free NAC, where *p* = 0.0179) ([Figure 6](#antioxidants-09-00600-f006){ref-type="fig"}). There was no significant difference in the ability of P68 + DQA nanocarriers and the corresponding free-drug pre-treatments to protect against rotenone-induced lipid peroxidation. However, the mean concentration of TBARS following nanocarrier pre-treatment was generally lower ([Figure 6](#antioxidants-09-00600-f006){ref-type="fig"}).

When evaluating the ability of free and P68 + DQA formulated NAC and NAC + DFO to protect against increased mitochondrial hydroxyl induced by rotenone, significant differences were observed between the different free and formulated treatments of NAC and/or DFO (F(15, 36.28) = 64.38, *p* \< 0.0001) ([Figure 7](#antioxidants-09-00600-f007){ref-type="fig"}). [Figure 7](#antioxidants-09-00600-f007){ref-type="fig"} shows that 24 h treatment with 100 μM rotenone induced a 12% increase in hydroxyl compared with the control (cells treated with MEM only). The 3 h pre-treatment with all concentrations of free and P68 + DQA NAC and/or DFO, but none of the corresponding blank formulations, were able to significantly protect against the rotenone induce rise in hydroxyl, maintaining levels equivalent or within 10% lower than at control (500 μM NAC: free (*p* \< 0.0001) and P68 + DQA (*p* = 0.0001), 1000 μM NAC: free (*p* = 0.0065) and P68 + DQA (*p* = 0.0003), 500 μM NAC + 50 μM DFO: free and P68 + DQA (*p* \< 0.0001), 1000 μM NAC + 100 μM DFO: free (*p* = 0.0002) and P68 + DQA (*p* = 0.0046), 100 μM DFO: free and P68 + DQA (*p* \< 0.0001)) ([Figure 7](#antioxidants-09-00600-f007){ref-type="fig"}). No significant differences in hydroxyl levels were observed between the free and P68 + DQA NAC and NAC + DFO conditions. However, P68 + DQA 100 μM DFO resulted in significantly lower hydroxyl than free DFO (*p* = 0.0001) ([Figure 7](#antioxidants-09-00600-f007){ref-type="fig"}).

4. Discussion {#sec4-antioxidants-09-00600}
=============

There is increasing evidence suggesting that NAC is protective in numerous models of PD \[[@B22-antioxidants-09-00600],[@B23-antioxidants-09-00600],[@B25-antioxidants-09-00600],[@B26-antioxidants-09-00600],[@B27-antioxidants-09-00600],[@B28-antioxidants-09-00600],[@B58-antioxidants-09-00600]\]. Although NAC has shown some promise as a therapeutic candidate in early clinical trials \[[@B32-antioxidants-09-00600],[@B33-antioxidants-09-00600]\], the full potential of NAC as a disease-modifying treatment for PD is limited due to issues such as low bioavailability, lack of targeted delivery and insufficient access to the brain \[[@B13-antioxidants-09-00600],[@B34-antioxidants-09-00600]\]. Previous studies have shown that the combination of antioxidants with iron chelators may provide a potent strategy against oxidative stress. However, like NAC, currently available iron chelators used to treat iron-overload disorders, including DFO, have similar issues of limited access to the brain and off-target side effects due to lack of targeting which restricts their wider clinical use \[[@B59-antioxidants-09-00600]\]. Furthermore, it is difficult to achieve the desired effects of combination therapies due to drugs having their own distinct pharmacological profiles \[[@B60-antioxidants-09-00600]\]. Formulation science using nanocarriers has therefore generated interest for drug and bioactive delivery because nanocarriers can enhance the stability, bioavailability and ability of the associated agents to cross biological membranes as well as co-deliver treatments to targeted locations for synergistic effects \[[@B39-antioxidants-09-00600],[@B40-antioxidants-09-00600],[@B42-antioxidants-09-00600],[@B60-antioxidants-09-00600],[@B61-antioxidants-09-00600],[@B62-antioxidants-09-00600]\]. The aim of this study was to utilise the P68 + DQA micellar nanocarriers previously developed by Mursaleen et al. \[[@B42-antioxidants-09-00600]\] for the antioxidant NAC, alone or in combination with DFO, and to assess whether these nanoformulations could protect against reduced cell viability, increased free iron and increased oxidative stress induced by a cellular rotenone model of PD.

NAC, alone or combined with DFO, was successfully incorporated into P68 + DQA nanocarriers with high association efficiency ([Table 1](#antioxidants-09-00600-t001){ref-type="table"}). This is consistent with previous findings that micelles have high association efficiencies \[[@B42-antioxidants-09-00600],[@B63-antioxidants-09-00600],[@B64-antioxidants-09-00600],[@B65-antioxidants-09-00600]\]. All P68 + DQA nanocarriers of NAC and NAC + DFO exhibited consistent particle sizes of 130 nm or below (polydispersity indices \< 0.24) that should be of sufficient size range to enable passage across the blood--brain barrier (BBB) based on previous reports which suggest that a particle size of \< 200 nm is required for brain penetrance \[[@B41-antioxidants-09-00600],[@B61-antioxidants-09-00600],[@B66-antioxidants-09-00600]\]. As it is widely accepted that smaller particle size may be advantageous to assist with brain delivery \[[@B41-antioxidants-09-00600],[@B61-antioxidants-09-00600],[@B66-antioxidants-09-00600]\], our results suggests that these NAC formulations may be more suited as neurological treatments compared to other antioxidants such as curcumin, which have been tested in the same delivery system alone and in combination with DFO \[[@B42-antioxidants-09-00600]\]. The positive charge of the drug-associated P68 + DQA nanocarriers is consistent with previous reports for formulations using dequalinium \[[@B40-antioxidants-09-00600],[@B42-antioxidants-09-00600]\]. Although positive, the mean surface charges of the NAC and NAC + DFO P68 + DQA formulations were relatively neutral (\< +7 mV) ([Table 1](#antioxidants-09-00600-t001){ref-type="table"}), suggesting that NAC P68 + DQA nanocarriers, with and without the combination of DFO, could access the brain without causing any toxicity to the BBB \[[@B41-antioxidants-09-00600],[@B67-antioxidants-09-00600],[@B68-antioxidants-09-00600],[@B69-antioxidants-09-00600],[@B70-antioxidants-09-00600],[@B71-antioxidants-09-00600]\]. XRD studies revealed that the crystalline nature of NAC and the combination with DFO was suppressed by formulation into P68 + DQA nanocarriers ([Figure 1](#antioxidants-09-00600-f001){ref-type="fig"}). The concentration ranges selected for NAC (500--10,000 μM) and tested in the FRAP assay were based on and consistent with previous literature \[[@B22-antioxidants-09-00600],[@B72-antioxidants-09-00600],[@B73-antioxidants-09-00600],[@B74-antioxidants-09-00600]\]. The FRAP results suggested a relationship between increased concentration and increased antioxidant capacity and highlights that at all concentrations the nanocarriers were able to maintain the antioxidant potential and stability of NAC ([Figure 2](#antioxidants-09-00600-f002){ref-type="fig"}). Together, these results suggest that the P68 + DQA formulations demonstrate suitable characteristics and potential to be utilised for oral or nasal delivery of NAC and enhance absorption of NAC into systemic or neuronal circulation compared to low bioavailability encountered with free NAC \[[@B13-antioxidants-09-00600],[@B34-antioxidants-09-00600],[@B75-antioxidants-09-00600]\].

The cellular testing was carried out using the SH-SY5Y human neuroblastoma cell line as it is the most widely used for in vitro models of PD \[[@B49-antioxidants-09-00600]\], containing the necessary machinery for dopamine synthesis as shown by its ability to exhibit dopamine-β-hydroxylase activity \[[@B76-antioxidants-09-00600],[@B77-antioxidants-09-00600],[@B78-antioxidants-09-00600]\]. Furthermore, although the SH-SY5Y cell line is of cancerous origin, it retains the majority of the dysregulated genes and cellular mechanistics observed in PD \[[@B79-antioxidants-09-00600]\]. Ultimately, the 500 and 1000 μM concentrations of NAC were selected for further evaluation as these were the highest concentrations of both the free-drug and P68 + DQA formulations that resulted in no cytotoxicity of SH-SY5Y cells after treatment for up to 72 h ([Supplementary Figure S1](#app1-antioxidants-09-00600){ref-type="app"}). The 50 and 100 μM DFO were used in accordance with our previously published data \[[@B42-antioxidants-09-00600]\].

All NAC and NAC + DFO P68 + DQA nanocarriers were able to significantly protect to at least the same extent as the corresponding free-drug conditions against the 50% reduction in cell viability induced by rotenone ([Figure 3](#antioxidants-09-00600-f003){ref-type="fig"}), suggesting that all treatments could be protective against cell death exhibited in PD. Both concentrations of P68 + DQA NAC were significantly more protective (35% and 49%, respectively) than the corresponding free NAC ([Figure 3](#antioxidants-09-00600-f003){ref-type="fig"}), suggesting that the NAC nanoformulations may be superior to free NAC as a potential protective treatment for PD. Unlike the results reported by Mursaleen et al. \[[@B42-antioxidants-09-00600]\] where the addition of DFO increased the protective effects exhibited by curcumin formulations, the addition of DFO did not result in further protection of NAC ([Figure 3](#antioxidants-09-00600-f003){ref-type="fig"}). However, the lack of observable effects in both cases could be due to 95--100% cell viability (the same cell viability exhibited by cells treated with MEM media only) being reached in all cases. The P68 + DQA NAC + DFO pre-treatments did, however, result in higher mean cell viabilities than P68 + DQA DFO alone, suggesting that NAC may enhance the effect of DFO since neither free nor formulated DFO alone were able to significantly protect against rotenone-reduced cell viability.

Iron status, total iron and ferritin-bound iron was evaluated, as elevated free iron is thought to be key in the development and progression of PD, mainly due to its ability to drive oxidative stress \[[@B1-antioxidants-09-00600],[@B3-antioxidants-09-00600],[@B11-antioxidants-09-00600],[@B12-antioxidants-09-00600],[@B16-antioxidants-09-00600],[@B17-antioxidants-09-00600],[@B74-antioxidants-09-00600]\]. Rotenone treatment resulted in an 838% rise of non-ferritin-bound iron compared to control but there was no significant difference in ferritin levels observed between rotenone treatment and control ([Figure 4](#antioxidants-09-00600-f004){ref-type="fig"}, [Supplementary Figure S2](#app1-antioxidants-09-00600){ref-type="app"}). This supports previous reports that rotenone increases levels of free iron \[[@B80-antioxidants-09-00600]\], as ferritin is the most common source of stored intracellular iron \[[@B81-antioxidants-09-00600]\] so total non-ferritin-bound iron therefore acts as an indicator of free iron. All free and P68 + DQA NAC and NAC + DFO conditions protected against the rise in total non-ferritin-bound iron induced by rotenone, maintaining control levels ([Figure 4](#antioxidants-09-00600-f004){ref-type="fig"}). Although not significant in most cases, the P68 + DQA nanoformulations generally resulted in lower levels of total non-ferritin-bound iron compared to the corresponding free-drug conditions ([Figure 4](#antioxidants-09-00600-f004){ref-type="fig"}). Together, this indicates that the NAC P68 + DQA nanoformulations may protect against the increased levels of free iron evident in PD and therefore protect against iron-induced oxidative stress. The lack of difference in total non-ferritin-bound iron observed between NAC, NAC + DFO and DFO pre-treatments suggests that NAC possesses some inherent iron chelator capacity. This is consistent with previous studies which suggest that NAC can chelate free iron and inhibit the iron-mediated cell death pathway, ferroptosis \[[@B74-antioxidants-09-00600],[@B82-antioxidants-09-00600],[@B83-antioxidants-09-00600]\].

The cellular antioxidant activity results support the idea that NAC, alone and combined with DFO, can protect against PD-related oxidative stress ([Figure 5](#antioxidants-09-00600-f005){ref-type="fig"}a), as a modified version of the CAA assay developed by Wolfe et al. \[[@B53-antioxidants-09-00600]\] was carried out, where rotenone was used as the prooxidant in place of ABAP to more closely mimic the oxidative stress present in PD. The cellular antioxidant activity against rotenone of the P68 + DQA preparations of NAC and NAC + DFO, was similar to that of the corresponding free drug in each case ([Figure 5](#antioxidants-09-00600-f005){ref-type="fig"}a). Free and P68 + DQA NAC and NAC + DFO treatments also exhibited high cellular antioxidant activity against ABAP, although, in most cases, the P68 + DQA preparations were superior ([Figure 5](#antioxidants-09-00600-f005){ref-type="fig"}b). However, the antioxidant activity was higher for each treatment against rotenone compared to ABAP. The 1000 μM NAC resulted in the most activity for both free and P68 + DQA preparations against rotenone, yielding 154% and 49% higher antioxidant activity than the treatments with the most activity against ABAP (1000 μM NAC + 100 μM DFO for the free-drug preparation and 1000 μM NAC for the P68 + DQA nanoformulation), respectively ([Figure 5](#antioxidants-09-00600-f005){ref-type="fig"}). This correlates to results shown in vivo that NAC is protective against dopaminergic degeneration induced by rotenone \[[@B23-antioxidants-09-00600]\]. These data support the notion that NAC may be particularly suited as an antioxidant treatment for PD specifically, since rotenone is the most common neurotoxin model of PD \[[@B49-antioxidants-09-00600]\] and has been associated with increased incidences of PD in people \[[@B7-antioxidants-09-00600]\]. These results also support the use of different prooxidants to tailor the CAA assay to the disease model of interest. Unlike the results reported by Mursaleen et al. \[[@B42-antioxidants-09-00600]\] for curcumin, the addition of DFO to the NAC P68 + DQA nanoformulations did not significantly increase cellular antioxidant activity against rotenone or ABAP ([Figure 5](#antioxidants-09-00600-f005){ref-type="fig"}). However, the combination with NAC in P68 + DQA nanocarriers enhanced the cellular antioxidant activity of DFO against both rotenone and ABAP by 425% and 99%, respectively. The ability of NAC to generally match or exceed the antioxidant capability of NAC + DFO at both concentrations may be because NAC not only acts as an antioxidant via the glutathione mechanism, converting hydrogen peroxide into water, but it can also chelate iron to some extent directly reducing the formation of hydroxyl via the Fenton reaction \[[@B74-antioxidants-09-00600],[@B82-antioxidants-09-00600],[@B83-antioxidants-09-00600]\].

Similarly, both free and P68 + DQA nanoformulations of NAC and/or DFO were able to protect against the 226% increase in lipid peroxidation induced by rotenone ([Figure 6](#antioxidants-09-00600-f006){ref-type="fig"}). All the pre-treatments containing NAC resulted in lower lipid peroxidation than observed in the control cells ([Figure 6](#antioxidants-09-00600-f006){ref-type="fig"}). Although not significantly, the P68 + DQA NAC and NAC + DFO nanoformulations generally resulted in lower lipid peroxidation (between 6 and 32%) than the corresponding free-drug conditions ([Figure 6](#antioxidants-09-00600-f006){ref-type="fig"}). All NAC and NAC + DFO pre-treatments also resulted in lower lipid peroxidation compared to DFO only pre-treatments, suggesting that combination with NAC may be superior to DFO treatment alone. The mitochondrial hydroxyl assay results further support the ability of these P68 + DQA nanocarriers to protect against oxidative stress as both free and P68 + DQA nanoformulated NAC and NAC + DFO were able to significantly protect against the 12% rise in mitochondrial hydroxyl following rotenone treatment ([Figure 7](#antioxidants-09-00600-f007){ref-type="fig"}). This indicates that NAC is effective against iron-induced oxidative stress specifically as mitochondrial hydroxyl is the primary oxidant produced by the Fenton reaction in the presence of excess free iron \[[@B15-antioxidants-09-00600],[@B84-antioxidants-09-00600],[@B85-antioxidants-09-00600]\]. Again, no difference was observed between the NAC and NAC + DFO conditions at the same NAC concentrations, supporting the idea that NAC does not benefit from the combination with an iron chelator. Not requiring the addition of an iron chelator to exhibit the most potent protective effects may be of benefit in this case as in practice the combination might lead to more side effects for patients due to the separate pharmacokinetic and safety profiles of NAC and DFO. Although these results also suggest that NAC may be superior to DFO treatment alone, iron chelators have shown some promise in clinical studies of PD \[[@B86-antioxidants-09-00600]\] and the results of this study may be limited as it is primarily focused on antioxidant outcome measures. Furthermore, previous studies suggest a strong rationale for combination antioxidant and iron chelator therapy as a two-pronged approach to counter the oxidative stress exhibited in PD \[[@B42-antioxidants-09-00600],[@B87-antioxidants-09-00600]\], but also because iron has been associated with many of the other hallmarks of PD such as alpha synuclein aggregation \[[@B88-antioxidants-09-00600],[@B89-antioxidants-09-00600],[@B90-antioxidants-09-00600]\], neuroinflammation \[[@B91-antioxidants-09-00600],[@B92-antioxidants-09-00600]\] and mitochondrial dysfunction \[[@B11-antioxidants-09-00600],[@B16-antioxidants-09-00600]\]. Thus, before making any decisions on the combination of NAC and DFO for PD therapeutics, these formulations will need to be further evaluated to assess these other hallmarks of PD in in vivo disease models.

5. Conclusions {#sec5-antioxidants-09-00600}
==============

Overall, this study demonstrates, for the first time, successful formulation of NAC and NAC + DFO into P68 + DQA nanocarriers for neuronal delivery to protect against oxidative stress in a cellular model of PD. Taken together, the results indicate that NAC and NAC + DFO nanocarriers have the relevant characteristics to access the brain. All NAC and NAC + DFO drug-associated nanocarriers were at least as capable as the corresponding free-drug conditions at protecting against reduced cell viability, increased iron and oxidative stress induced by rotenone. However, in most cases, 1000 μM P68 + DQA NAC exhibited the strongest ability to protect against rotenone, suggesting that NAC alone might be preferential as a potential disease-modifying treatment of PD. As numerous free antioxidants and iron chelators, including NAC and DFO, are limited due to issues such as stability, bioavailability and low brain penetrance, the results presented here further support the notion that the P68 + DQA nanocarrier delivery system may provide a viable solution. Our study demonstrates promising results to support the potential of these formulations for PD therapy. However, further investigations will be required to assess the ability of these formulations to access the brain using a cellular BBB model before they are progressed into the next stage of preclinical testing.

The authors wish to thank Maryam Rafiuddin and Sadia Siddika from the University of Westminster for their assistance with the preliminary NAC experiments.

The Supplementary Materials are available online at <https://www.mdpi.com/2076-3921/9/7/600/s1>.

###### 

Click here for additional data file.

Conceptualisation and methodology: L.M., S.S., and M.G.Z. Supervision: M.G.Z., S.S., and B.N. Investigation and data curation: L.M. and S.H.Y.C. Data analysis: L.M. Writing---Original draft preparation: L.M. Writing---Review and editing: M.G.Z., S.S., B.N., S.H.Y.C., and L.M. All authors have read and agreed to the published version of the manuscript.

This work was supported by a studentship award from the University of Westminster, Faculty of Science and Technology.

The authors declare no conflict of interest.

![(**i**) P68 + DQA NAC. XRD patterns of (**A**) NAC, (**B**) P68, (**C**) DQA, (**D**) a physical mixture of P68, DQA and NAC in the same ratio as the nanoformulation and (**E**) lyophilized P68 + DQA NAC nanoformulation. (**ii**) P68 + DQA NAC + DFO. XRD patterns of (**A**) NAC, (**B**) DFO, (**C**) P68, (**D**) DQA, (**E**) a physical mixture of P68, DQA, NAC and DFO in the same ratio as the nanoformulation and (**F**) lyophilized P68 + DQA NAC + DFO nanoformulation.](antioxidants-09-00600-g001){#antioxidants-09-00600-f001}

![Antioxidant capacity of free and P68 + DQA nanoformulated 500--10,000μM NAC measured by the ferric reducing antioxidant power (FRAP) assay (mean ± S.D., *n* = 6). \* represents significance values of nanoformulated drug compared to free drug within the same treatment condition (\*\*\*\* *p* \< 0.0001, \*\* *p* \< 0.01, \* *p* \< 0.05).](antioxidants-09-00600-g002){#antioxidants-09-00600-f002}

![MTT assay results of 3 h pre-treatment with free-drug, P68 + DQA nanoformulated and corresponding blank preparations of either 500 and 1000 μM NAC (N500, N1000), combined NAC with 50 or 100 μM DFO (N500 + D50, N1000 + D100) or 100 μM DFO alone (D100) followed by 24 h treatment with 100 μM rotenone (R100) compared to R100 treatment alone. MEM represents the control condition where cells were only treated with media, no pre-treatment nor R100 treatment (mean ± S.D., *n* = 6). \* represents significance values of control or pre-treatment conditions compared to R100 treatment alone (\*\*\* *p* \< 0.001, \*\* *p* \< 0.01, \* *p* \< 0.05). \# represents significance values of nanoformulated drug compared to free drug within the same treatment condition (\# *p* \< 0.05).](antioxidants-09-00600-g003){#antioxidants-09-00600-f003}

![Total non-ferritin-bound iron concentrations resulting from 3 h pre-treatment with free-drug or P68 + DQA nanoformulated preparations of either 500 and 1000 μM NAC (N500, N1000), combined NAC with 50 or 100μM DFO (N500 + D50, N1000 + D100) or 100 μM DFO alone (D100) followed by 24 h treatment with 100 μM rotenone (R100) compared to R100 treatment alone. MEM represents the control condition where cells were only treated with media, no pre-treatment nor R100 treatment (mean ± S.D., *n* = 6). Total non-ferritin-bound iron was calculated using the total iron concentrations obtained from the ferrozine assay minus the mean ferritin concentrations obtained from the ferritin ELISA (see [Supplementary Figure S2](#app1-antioxidants-09-00600){ref-type="app"}). \* represents the significance of control or pre-treatment conditions compared to R100 treatment alone (\*\* *p* \< 0.01). \# represents the significance of nanoformulated drug compared to free drug within the same treatment condition (\# *p* \< 0.05, \#\# *p* \< 0.01).](antioxidants-09-00600-g004){#antioxidants-09-00600-f004}

![(**A**). Cellular antioxidant activity (CAA) assay results for free-drug, P68 + DQA nanformulated drug and free drug + DQA preparations of 50 or 1000 μM NAC (N500, N1000), combined NAC and 50 or 100 μM DFO (N500 + D50, N1000 + D100) and 100 μM DFO alone (D100) when using 100 μM rotenone as the prooxidant (mean ± S.D., *n* = 6). (**B**). Corresponding CAA results when using 600 μM ABAP as the prooxidant. \* represent significance when comparing the P68 + DQA nanoformulated drug to the free-drug and free drug + DQA preparations within the same drug condition (\*\*\*\* *p* \< 0.0001, \*\*\* *p* \< 0.001, \*\* *p* \< 0.01, \* *p* \< 0.05).](antioxidants-09-00600-g005){#antioxidants-09-00600-f005}

![TBARS assay results of 3 h pre-treatment with free-drug or P68 + DQA nanoformulated preparations of either 500 or 10000 μM NAC (N500, N1000), combined NAC and DFO (N500 + D50, N1000 + D100) or 100 μM DFO alone (D100) followed by 24 h treatment with 100 μM rotenone (R100) compared to R100 treatment alone. MEM represents the control condition where cells were only treated with media, no pre-treatment nor R100 treatment (mean ± S.D., *n* = 6). \* represents the significance of control or pre- treatment conditions compared to R100 treatment alone (\*\*\*\* *p* \< 0.0001, \*\*\* *p* \< 0.001).](antioxidants-09-00600-g006){#antioxidants-09-00600-f006}

![Mitochondrial hydroxyl assay results of 3 h pre-treatment with free, P68 + DQA or corresponding blank formulations of NAC (500 or 1000 μM), combined NAC (500 or 1000 μM) + DFO (50 or 100 μM) or 100 μM DFO alone (D100) followed by 24 h treatment with 100 μM rotenone (R100) (mean ± S.D., *n* = 6). Mitochondrial hydroxyl levels are expressed as the percentage of hydroxyl identified in control cells (SH-SY5Y cells treated with MEM media only, for 24 h). \* represents the significance of pre-treatment conditions compared to R100 treatment alone for each marker (\*\*\*\* *p* \< 0.0001, \*\*\* *p* \< 0.001, \*\* *p* \< 0.01). \# represents the significance of nanoformulated drug compared to free drug within the same treatment condition (\#\#\# *p* \< 0.001).](antioxidants-09-00600-g007){#antioxidants-09-00600-f007}
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###### 

Hydrodynamic diameter (d), polydispersity index (PDI), surface charge, drug association (DA) and association efficiency (AE) of blank and drug-associated P68 + DQA nanoformulations prepared at 80 °C (mean ± S.D., *n* = 6).

  --------------------------------------------------------------------------------------------------------------------------
  Sample              Contents      *d* (nm)   PDI              Charge (mV)   DA (%)         AE (%)          
  ------------------- ------------- ---------- ---------------- ------------- -------------- --------------- ---------------
  P68 + DQA (Blank)   P68:          9 mg/mL    25.52 ± 10.25    0.24 ± 0.04   −0.78 ± 0.80   \-              \-

  DQA:                1 mg/mL                                                                                

  P68 + DQA NAC       P68:          9 mg/mL    125.67 ± 9.98    0.23 ± 0.05   3.67 ± 0.46    64.88 ± 1.93    92.74 ± 7.54

  DQA:\               1 mg/mL\                                                                               
  NAC:                20 mg/mL                                                                               

  P68 + DQA\          P68:          9 mg/mL    130.33 ± 11.49   0.24 ± 0.02   6.63 ± 1.44    NAC:\           NAC:\
  NAC + DFO                                                                                  17.53 ± 0.56\   98.32 ± 1.44\
                                                                                             DFO:\           DFO:\
                                                                                             17.59 ± 0.54    94.36 ± 4.27

  DQA:\               1 mg/mL\                                                                               
  NAC:\               12.4 mg/mL\                                                                            
  DFO:                5 mg/mL                                                                                
  --------------------------------------------------------------------------------------------------------------------------
